Abstract This report describes the formation of gold-coated silver bimetallic nanoparticles prepared by the one-pot synthetic approach which involves the subsequent reduction of silver and gold ions at ambient conditions. The reduction of silver ions by excess L-ascorbic acid initially led to the formation of silver cores. This step was followed by the addition of gold ions into the preformed cores, resulting in the formation of silver-core gold-shell type bimetallic nanoparticles at room temperature. This process systematically allowed for the formation of various bimetallic nanoparticles which exhibited tunable absorption properties corresponding to the visible and near-IR regions. The thickness of the gold shells and the diameter of the silver-core nanoparticles were readily controlled; the morphological and structural properties of the resulting bimetallic nanoparticles were thoroughly analyzed by SEM/TEM, DLS, and UV-Vis spectrophotometry. The overall results demonstrated not only that these gold-coated silver nanoparticles were reliably prepared by our one-pot synthetic approach, but also that their optical properties were tunable in the visible and near-IR areas as a function of the core size and shell thickness.
Introduction
The preparation of metal nanoparticles in small sizes that absorb in the visible and near-IR spectral regions remains an ongoing challenge to colloidal science [1, 2] . Access to these broad absorption areas is especially important for solar energy based and/or biological applications because optically driven solar cells and therapies represent some of the most promising advances in the emerging field of renewable energy systems and nanomedicine [3, 4] . These developing nanotechnologies take advantage of the fact that there are not many chromophores in biological tissue that broadly absorb in the visible and near-IR regions [5, 6] . As such, metal nanoparticles are often preferred over organic-based systems because of the tunable and strong absorption bands from the visible to near-IR areas, as well as their extended stability in solutions and/or solid states [7] [8] [9] .
Numerous studies have proposed strategies to construct or transform metal nanoparticles into diverse nanostructures (including prisms, disks, rods, and core-shells) that can tune the absorption properties [10] [11] [12] [13] [14] . In particular, the preparation of metal-metal core-shell nanoparticles possessing desired optical and electrical properties with a biocompatible nature have been extensively studied by the subsequent chemical reduction method using two or more metal ions [9, 13, [15] [16] [17] [18] [19] [20] . Moreover, controlling the absorption properties of these nanoparticles on a sub-100-nm scale may bring additional advantages for practical use in biotechnology and photoinduced reactions due to their high surface-to-volume ratio. Unfortunately, most preparation methods for such nanoparticles often require high-reaction temperatures, multiple steps, and/or the proper use of unique stabilizing agents [21] [22] [23] [24] [25] [26] . Here, we demonstrate a simple one-pot synthetic method that allows for the reliable preparation of stable core-shell type bimetallic nanoparticles with strong and tunable optical properties at ambient conditions. Specifically, two different sizes of Ag core nanoparticles (∼15 and ∼40 nm in diameter) were prepared at room temperature and used as cores for Au shells. Varying thicknesses of Au shells were grown on the Ag cores simply by adding selected amounts of HAuCl 4 in a potassium carbonate (K 2 CO 3 ) solution to an aqueous solution of the preformed Ag cores in situ. The absorption wavelengths of these "core-shell type bimetallic nanoparticles" can be systematically tuned from the visible to the near-IR region by adjusting the molar ratio of the initial reagents. Importantly, these bimetallic nanoparticles are reliably prepared and can be modified further with substantially greater ease and more anisotropic shapes than the related gold-coated dielectric or metallic nanoshells/nanocubes [11, 13, 14, 20, [27] [28] [29] . Upon the formation of various bimetallic nanoparticles possessing a strong and broad absorption band, these nanoparticles may serve as interesting materials in the area of optically tunable devices, SERS enhancers, and biomedical applications [15, [30] [31] [32] [33] [34] .
Experimental section
Materials Nitric acid, hydrochloric acid, potassium hydroxide, isopropyl alcohol, methanol, ethanol, hexadecyltrimethylammonium bromide (CTAB, ≥99.0 %) (all from Fisher Scientific), potassium carbonate (≥99.0 %), sodium borohydride (∼98 %), hydrogen tetrachloroaurate(III) hydrate (99.999 % trace metals basis), L-ascorbic acid (AsA, ≥99.0 %) (all from Aldrich), and silver nitrate (from Mallinckrodt) were used without purification from the indicated commercial suppliers. Deionized water was purified to a resistance of 18 MΩ (Nanopure Water System; Barnstead/Thermolyne) and filtered through a 0.2 μm membrane to remove impurities. All glassware was cleaned with an aqua regia solution, followed by treatment in a base bath, and then rinsed with pure water prior to use.
Characterization methods All nanoparticles were characterized by ultraviolet-visible (UV-Vis) spectroscopy for the absorption properties, by environmental scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for the morphology and structure, and by dynamic light scattering (DLS) for the size distribution.
An FEI Quanta 450 instrument operating at 20 kV and Zeiss 10 TEM operating at an accelerating voltage of 80 kV were used to evaluate the general size distribution and the overall structure of the nanoparticles, respectively. All samples were deposited from solution onto silicon wafers (for SEM) and 300 mesh carbon-coated copper grids (for TEM) and then completely dried at room temperature overnight.
DLS on a ZetaPALS equipped with a particle analyzer (Brookhaven Instruments Corp., Holtsville, New York) with a 35 mW solid-state laser (90 and 15°angular measurements) was employed to examine the hydrodynamic diameter and polydispersity of the nanoparticles as well as zeta potentials. The diameters were collected at 20°C from an average of five measurements over 100 s.
An Agilent 8453 UV-Vis spectrometer was used to characterize the absorption properties of the nanoparticles over the wavelength range of 200 to 1,100 nm. All samples were prepared in pure water and transferred to a quartz UV-Vis cell.
Preparation of HAuCl 4 and AgNO 3 stock solution All preparation methods involved the use of HAuCl 4 or AgNO 3 in a K 2 CO 3 solution (the K-Au solution and K-Ag solution, respectively). Specifically, the preparation of the K-Au solution was as follows: 0.025 g of K 2 CO 3 and 98 mL of water were added to a 150 mL Erlenmeyer flask. The solution was stirred for at least 15 min to completely dissolve the K 2 CO 3 , followed by the rapid addition of 2 mL of 1 wt.% HAuCl 4 H 2 O solution. The color of the mixture changed from light yellow to colorless within 30 min. In the case of the K-Ag solution, 1 mL of 1 wt.% AgNO 3 was introduced to an aqueous 99 mL solution of K 2 CO 3 , which exhibited a color change from colorless to bright yellow in a few seconds. The final solutions were stored overnight in a refrigerator prior to use.
Preparation of large Ag core-Au shell nanoparticles Five milliliter of the prepared K-Ag solution was placed in a 20 mL glass vial containing a magnetic stirring bar. L-ascorbic acid (0.3 mL of 100 mM: 0.176 g/10 mL water) was quickly introduced to the yellow K-Ag solution, resulting in the formation of Ag nanoparticles with a greenish yellow color. Subsequently, varying amounts of K-Au solution were slowly (dropwise) or rapidly introduced into the mixture. The final solution was stirred for an additional 5 min and exhibited a reddish-yellow to brownish-blue color as a function of the concentration of the K-Au solution.
Preparation of small Ag core-Au shell nanoparticles Five milliliter of the prepared K-Ag solution (2.94 μmol) was placed in a 20 mL glass vial containing a magnetic stirring bar. NaBH 4 (0.02 mL of 3.2 mM: 1.2 mg/10 mL of water) was quickly added to the yellow K-Ag solution to form small Ag seed nanoparticles. Subsequently, L-ascorbic acid (0.3 mL of 100 mM) was added to the reaction mixture, resulting in the formation of small dark yellow Ag cores that were presumably prepared through the seed growth process. Varying amounts of the K-Au solution were then slowly (dropwise) introduced into the mixture. The final solution was stirred for an additional 5 min; it exhibited a reddish-yellow to brownish-blue color as a function of the concentration of the K-Au solution.
Transformation of the Ag-Au core-shells into large uniform or anisotropic structures under light irradiation Ten milliliter of preheated hexadecyltrimethylammonium bromide solution (CTAB, 10 mM, 0.0364 g in 10 mL water, ≥35°C) was placed in a 15 mL polystyrene centrifuge tube. Subsequently, HAuCl 4 (0.2 mL of 1 wt.% solution) was added, and the tube was swirled several times, resulting in a homogeneous orange color. L-ascorbic acid (0.6 mL of 100 mM) was quickly added to the orange solution, which led to a colorless solution. Finally, an aliquot of preformed 0.4 M ratio bimetallic core-shell nanoparticles (0.1-0.5 mL) was added to the colorless solution; the tube was capped loosely and then placed under fluorescent light irradiation (a 35 W desk lamp at a distance of 5 cm providing 100 mW/cm 2 , as measured by a handheld optical power meter; Newport Corp.) for 30 min. The final solution was centrifuged at 3,000 rpm twice, and the precipitates were resuspended in 3 mL of pure water. The final colors of the solutions were brownish-red under reflection and deep blue under transmission.
Results and discussion
Various Ag-Au core-shell type bimetallic nanoparticles prepared by our developed one-pot synthetic approach largely cover from the visible to the near-IR range simply by adjusting the ratio of the initial silver and gold ions. The small Ag core nanoparticles ∼15 nm diameter and large Ag core nanoparticles ∼40 nm in diameter were prepared by the reduction of Ag ions (K-Ag) with the combination of NaBH 4 and AsA at ambient conditions. Subsequently, these core nanoparticles were coated with tunable Au layers through the introduction of varying amounts of the Au growth solution (K-Au) in the presence of a residual reducing agent (i.e., AsA). The systematic control of the diameters of these nanoparticles allowed for tunable absorption properties depending on the core size and the shell thickness. This entire process was systematically completed in situ one-pot at room temperature. Interestingly, the rate of adding the K-Au growth solution (slow vs. rapid) to the Ag seed nanoparticles slightly affected the reproducible formation, the surface morphology, and the absorption bands of the resulting nanoparticles. Based on previous studies, the reduction of Au ions in the presence of preformed Ag cores generally led to the formation of Agrich cores and Ag-Au alloy shells with compositions that were enriched in the gold component with the increasing Au mole fraction [18, 35, 36] . Although understanding the precise compositions of these bimetallic nanoparticles is important, the main goals of this research were to demonstrate a simple synthetic method for the preparation of various sub-100-nm bimetallic nanoparticles and the subsequent modification of these core-shells to possess tunable absorption properties. As such, these Ag core-Au shell type bimetallic nanoparticles were examined as a function of the Ag and Au molar ratio from 0.1 to 1.0 (K-Au/K-Ag). To the best of our knowledge, this is the first study to demonstrate the reliable formation of the Ag-Au core-shell nanoparticles in the absence of a surfactant at room temperature via a one-pot synthetic approach. Figures 1 and 2 show the SEM and TEM images of the relatively large and rough Ag core nanoparticles and the coreshell nanoparticles of varying thicknesses that were prepared by the subsequent reduction of Ag and Au ions in the presence of an excess reducing agent. The irregular and polydisperse Ag cores ∼40 nm in diameter (∼0.30 PDI by DLS) were initially formed by the reduction of Ag ions at a high pH (pH ∼10) with excess AsA. This result is similar to previous studies that demonstrated the formation of rough and partially aggregated nanoparticles upon the reduction of metal ions with excess AsA in the absence of a surfactant [37] [38] [39] [40] . After a short period of time (≤5 min), the K-Au solution was subsequently introduced either slowly (i.e., dropwise) or rapidly to the solution containing these preformed Ag core nanoparticles. This process allowed for the gradual coating of gold layers around the Ag cores. We noted that the nanoparticles prepared by rapid addition exhibited slightly rougher, more irregular structures (as well as partial aggregation) than those formed through the slow addition of the solution. The thickness of the shell was estimated by comparing the total diameter of the nanoparticles before and after the shell growth. The nanoparticles prepared by both methods at or below room temperature generally showed rough and irregular shapes. These results were comparable to the previous nanocube system, in which the rougher Au coating was often accomplished on preformed Ag nanocubes at a low temperature (i.e., 20°C) rather than a high temperature (i.e., 100°C) [25] . In addition to the low temperature, it is also important to remember that such rough core-shell type nanoparticles could also be affected by the presence of excess AsA, which could cause the formation of rough and partially aggregated nanoparticles [37, 39, 41, 42] . As the amount of the K-Au solution increased, the size of the core-shell nanoparticles systematically increased, probably due to the thicker coating of the Au layer. When excess K-Au solution (over a 1:1 ratio of K-Au to Ag seed solution) was introduced into the preformed Ag seed solution, the Au shell layer was too thick to clearly visualize the core-shell structures, even with TEM analysis. The highly reproducible and consistent formation of the Ag core-Au shell particles was observed when the molar ratio between the K-Au growth solution and the Ag seed solution was higher than 0.4 for the rapid addition and 0.3 for the slow addition of the solution, respectively. While newly formed small Au nanoparticles and the increased aggregation of the nanoparticles were often observed under the rapid addition condition (zeta potentials of the nanoparticles, from −25 to −35 mV, implied stable colloids in solution, but partially aggregated nanoparticles were often observed), the slow addition process generally allowed for the more reliable and gradual coating of Au layers around the preformed Ag core nanoparticles.
A UV-Vis spectrophotometer was employed to monitor the absorption patterns of the core-shell nanoparticles prepared by subsequent rapid or dropwise addition of varying amounts of the K-Au growth solution to the preformed Ag nanoparticles (Fig. 3a, b) . The K-Ag solution initially showed a very weak absorption peak at ∼400 nm (data not shown). Upon the addition of excess AsA, an intense and broad absorption band appeared at ∼410 nm, indicating the formation of rough and polydisperse Ag nanoparticles. At a ratio of 0.1 of the K-Au growth solution to Ag cores, a notably decreased absorption intensity of the Ag cores occurred at ∼410 nm and a new peak forms at ∼500 nm under both conditions, which were presumably caused by the formation of Ag-Au alloy shells on Ag core nanoparticles. As the ratio of the K-Au solution to Ag seed solution increased, the gradual decrease of the strong Ag core peak at~410 nm and new absorption bands at longer wavelengths between typical pure gold and silver nanoparticles with a shoulder peak clearly suggested the formation of Au-Ag alloy shells on Ag cores. It has been reported that a certain degree of alloying occurs during the reduction of Au ions in the presence of Ag seeds [13, 36] . At the ratio of 0.3, a peak centered at ∼654 nm with a broad shoulder peak below ∼500 nm still pointed to a Ag core on a Au-Ag alloy shell. When the ratio reached 0.5, the longest absorption band centered at ∼700 nm without a notable shoulder peak below ∼500 nm was observed, probably for the Ag-rich core and Au-rich shell nanoparticles. The absorption peaks were then slightly blue-shifted as the ratios of the K-Au solution to Ag core solution increased above a molar ratio of 0.5. A further increase of the ratio over 1.0 resulting in the slight red-shift of the absorption band again suggested the increase in the nanoparticle diameters [43, 44] , which was consistent with the SEM images and DLS size measurements. Unlike the rapid addition method, slightly narrower absorption bands of the core-shell nanoparticles prepared by the slow addition process might suggest a smoother (less rough) surface of the Au layers on the Ag cores with fewer partial aggregations.
Interestingly, the absorption bands of the nanoparticles prepared by the slow addition remained similar, but the adsorption bands of the nanoparticles prepared by the rapid addition were gradually blue-shifted (shift of λ max , 5-10 nm) and became narrow upon aging at room temperature for over 2 days. This observation might be explained by the possible surface restructuring process of the nanoparticles [39, 40] . Based on our previous studies, partially aggregated gold nanoparticles with a rough surface prepared by excess AsA underwent a notable reshaping process upon aging at room temperature to form polydisperse gold nanoparticles with a smooth surface. This morphological evolution of the gold nanoparticles was able to be thoroughly examined by the significantly blue-shifted absorption maxima and overall absorption patterns [37, 39, 40] . Although we did not microscopically observe the differences in the surface roughness, the slight shift in the absorption bands for our core-shell nanoparticles as a function of time could explain our speculation for the change in the surface structures. In a separate study done by Moskovits and his group, the blue-shift of the absorption bands and less roughness of the nanoparticles might be affected by the slow reduction of the adsorbed Au ions on the surface of the nanoparticles as well [45] . As such, it was clear that the addition rate of the Au growth solution to the preformed Ag cores played an important role in the reproducible formation, the surface morphology, and the absorption property of the resulting core-shell type bimetallic nanoparticles. We are still investigating the main cause of the slight shift of the absorption bands of the nanoparticles prepared by the rapid addition process. An additional feature of our core-shell type bimetallic nanoparticles was that the nanoparticles did not exhibit severe pinholes or hollow interiors as well as any destruction (i.e., the Ag atoms were dissolved by HAuCl 4 ) regardless of the addition rate of the Au growth solution. The formation of Ag-Au core-shell nanoparticles is often accomplished via the galvanic replacement reaction when an Au growth solution is introduced to citrate-stabilized Ag core nanoparticles in the absence of reducing agents [13, 25] . The final coreshell nanoparticles readily possess pinhole/hollow structures due to the galvanic reaction of the Ag core nanoparticles by AuCl 4 − ions. A similar reaction process was also observed by the Xia group during the formation of hollow Au nanocages on Ag core nanoparticles via the polyol method at high temperatures. As the amount of the Au growth solution increased, a dealloying process typically took place in the absence of reducing agents [25] . Upon this dealloying process, the broad absorption band of the nanoparticles flattened/disappeared due to the destruction of the core-shell a) b) 500 nm 500 nm c) 500 nm structures. However, since our core-shell nanoparticles were prepared in the presence of a high concentration of residual AsA, the reduction of Au ions on the preformed Ag core nanoparticles by AsA was speculated to be preferred over the galvanic reaction process because our core-shell nanoparticles were less likely to exhibit pin holes or hollow structures. Additionally, the formation of a thicker gold coating was easily achieved rather than the rapid dealloying of the nanoparticles with an increase of the K-Au solution. The maintenance of strong and broad absorption peaks even after the addition of excess K-Au solution (i.e., a two times greater concentration) strongly supported the preservation of the Ag-core and Aurich shell type structures under our reaction conditions. In a separate study, Liz-Marzan and his group also proposed the favorable reduction of Au ions on preformed Ag seeds in the presence of AsA as a reducing agent [18, 46] . The slow (dropwise) addition of the K-Au solution onto Ag core nanoparticles yielded the reliable formation of a slightly smooth surface and less aggregation of the bimetallic nanoparticles. The small Ag seed nanoparticles (∼2-3 nm in diameter) were initially formed by the reduction of Ag ions with a strong reducing agent (NaBH 4 ); this led to a bright yellow color. This was followed by the subsequent addition of excess AsA, resulting in the formation of polydisperse Ag nanoparticles ∼15 nm in diameter (∼0.35 PDI by DLS) at room temperature via the seed growth process. A selected amount of the K-Au solution was then slowly introduced to these preformed Ag nanoparticles to prepare various Au shells on small Ag cores. Figure 4 shows the SEM and TEM images of the small Ag core nanoparticles and AgAu core-shell nanoparticles with varying shell thicknesses. While bare Ag core nanoparticles initially exhibited slightly irregular shapes with partial aggregation, the core-shell bimetallic nanoparticles showed the systematic increase in the diameters of the nanoparticles, suggesting the successful growth of Au shells. The TEM image (Fig. 4b) again clearly shows two different contrasts throughout the nanoparticles coming from the phase boundary between the Au shell and Ag core. The apparent core-shell contrast consisting of darker outer shells and the lighter inner cores originated from the gold and silver elements because gold scatters more electrons than silver [47] . Such a contrast in the Ag-Au core-shell structures has also been observed in other studies as well [35, 47, 48] , which were consistent with our results and confirmed the successful growth of Au layers on small Ag core nanoparticles with increased surface-to-volume ratios.
The absorption spectra of the small core-shell nanoparticles were collected before and after the growth of various thicknesses of the Au shells ( shoulder peak in the visible range. This broad absorption pattern of the resulting nanoparticles suggested the formation of rough polydisperse nanoparticles, which was consistent with the microscopic images. Upon the slow addition of the K-Au solution to these preformed Ag nanoparticles, the gradual decrease of the Ag core peak at 400 nm and the appearance of new peaks at over 550 nm indicated the formation of Ag-Au alloy type core-shell nanoparticles. As a small shoulder peak below 500 nm appeared as a result of the use of a 0.5 M ratio of K-Au to K-Ag, the small Ag cores required slightly more of the K-Au solution to form a Au-rich shell. The maximum absorption bands of the core-shell nanoparticles prepared by greater than 0.5 M ratios were placed in the visible (550-600 nm) range regardless of the shell thickness due to the relatively small size of the cores [45, 49] , which is comparable to the previous studies done by the Henglein (∼8 nm core) [23] and Srnova-Sloufova (∼9 nm core) [35] groups. The Liz-Marzan group prepared multiple core-shell structures using 17 nm core nanoparticles [18] , and these nanoparticles also possessed limited absorption bands in the visible areas. However, our nanoparticles possessing highly increased surface-to-volume ratios exhibited slightly broader absorption bands (400-700 nm) than those of the precedent core-shell nanoparticles (400-600 nm), perhaps due to the roughness of the shells and their high polydispersity.
In addition, the resulting nanoparticles were found to be stable in the absence of any surfactants that provided great potential for easy modifications and/or applications. As a proof-of-concept example, the pre-synthesized large coreshell particles were transformed into either large uniform or anisotropic structures to completely cover broad absorption bands across the visible and near-IR areas. This modification process was simply accomplished by the addition of an aliquot of the core-shell particles (1 and 5 % seed particles to growth solution) into a fixed growth solution containing HAuCl 4 , AsA, and a surfactant (CTAB), then exposed to visible light irradiation for 30 min. Figure 6 shows the SEM images of the initial core-shell particles and the transformed large uniform and anisotropic nanoparticles. Interestingly, the structures of the final nanoparticles were highly affected by the initial ratios of the core-shell nanoparticles to the growth solution. While symmetric growth was favored with the use of a high concentration of the core-shell nanoparticles, anisotropic growth was observed with a low concentration of the nanoparticles. The large uniform nanoparticles (∼200 nm in diameter) exhibited two distinctive peaks at 560 nm for multipole resonance and at 760 nm for the dipole plasmon band, these peaks were consistent with those of large bare gold nanoparticle systems [50] . The highly anisotropic nanoparticles have shown a much broader absorption band across visible to near-IR range that is comparable to the previous work as well [51] . More thorough study is underway to elicit the concentration-related structural information.
Conclusions
The Ag-Au core-shell type bimetallic nanoparticles with varying sizes were reliably prepared by a very simple onepot synthetic approach at ambient conditions. The thorough characterization of these nanoparticles by UV-Vis spectroscopy, SEM, DLS, and TEM collectively supported the reliable formation of various Ag-Au core-shells with tunable optical properties. Furthermore, the easy transformation of these nanoparticles into either large uniform or anisotropic structures under light irradiation can allow for their potential applications requiring strong optical properties in the visible and/or near-IR regions of the spectrum. 
